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Abstract Recent studies have both shown and predicted that global climate change will have a substantial
influence on biodiversity.This is true especially of a global biodiversity hotspot, the Cape Floristic Region. Although
the effects of predicted changes have been widely assessed for plants, little is known about how insect diversity in
the region might be affected. In particular, patterns in and the correlates of diversity in the region are poorly
understood, and therefore the likely affects of a changing abiotic environment on this significant group of organisms
are not clear.Therefore, we investigate patterns in, and correlates of, epigaeic beetle (Tenebrionidae and Carabidae)
diversity in one of the most climate change-sensitive areas in the Cape Floristic Region, the Cederberg. In
particular, we determine whether epigaeic beetle assemblage structure differs between the main vegetation types in
the Cederberg (Strandveld, Mountain Fynbos and Succulent Karoo), how restricted these beetles are to specific
vegetation types, and which environmental variables might be associated with site-related differences in beetle
richness and abundance. Sampling was undertaken during October 2002 and 2003 across an altitudinal gradient
ranging from sea level (Lambert’s Bay) to approximately 2000 m above sea level (Sneeukop, Cederberg) and down
again to 500 m above sea level (Wupperthal) using pitfall traps. The environmental correlates of abundance and
species density in the epigaeic beetles were similar to those identified previously for ants across the transect, with
both taxa being positively related to several temperature variables. Several species showed habitat specificity and
fidelity, and clear distinctions existed between the vegetation types across the transect. A larger proportion of the
variance in tenebrionid species density was explained by environmental variables and spatial factors than for
carabids. The most likely explanation for this difference is that the correlates might well reflect collinear historical
processes, rather than a causal relationship between contemporary environmental variables and species density. If
this is the case, it suggests that caution should be exercised when interpreting environmental correlates of species
density, and making climate change predictions based on these correlates.
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INTRODUCTION
Among many threats to biodiversity, global climate
change is considered one of most significant, and its
affects are already being felt globally (Parmesan &
Yohe 2003; Root et al. 2003). Predictions are for sub-
stantial alteration to species ranges and abundances as
a consequence of ongoing change, and eventually sub-
stantial extinction of many taxa (Erasmus et al. 2002;
Thomas et al. 2004). These predictions are based
largely on bioclimatic modelling studies, which make
several assumptions about the determinants of the
relationships between species distributions (and abun-
dances in some cases) and the abiotic environment
(see Helmuth et al. 2005). For some taxa, bioclimatic
correlates have indeed been verified by investigation of
population, species and assemblage responses to the
abiotic environment at a wide variety of spatial and
temporal scales (e.g. Turner et al. 1987; Dennis 1993;
Hill et al. 1999; Simmons & Thomas 2004). However,
for many others it is assumed that broader scale cor-
relates will hold over finer scales and that overall diver-
sity patterns are indeed strongly related to the abiotic
environment. While at broad scales such assumptions
are reasonable, given robust correlates between mea-
sures of the abiotic environment and several aspects of
diversity, and a sound theoretical underpinning for
assuming that the correlates are mechanistic (see, e.g.
Robinson et al. 1997; Willig et al. 2003; Evans et al.
2005), at finer spatial scales the issues are more
contentious. Indeed, for altitudinal gradients the
underlying determinants of variation in diversity are
contentious for a variety of reasons, and especially
because full gradients are often not included in the
investigations (Rahbek 1997, 2005).
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In South Africa, a country of considerable signifi-
cance from the perspective of global biodiversity (see,
e.g. Myers et al. 2000), the overwhelming majority of
investigations of the impacts of climate change have
been based on predictive models (e.g. Rutherford et al.
1999; Erasmus et al. 2002; Bomhard et al. 2005;
Hannah et al. 2005).These have typically been under-
taken at broad spatial scales, and have indicated that
predicted climate change will have a substantial influ-
ence on many taxa. Recent work has shown that global
climate change will have a substantial influence on the
Cape Floristic Region (CFR) (Midgley et al. 2002,
2003; see also Hannah et al. 2005), which is both the
smallest and richest floral kingdom (Bond & Goldblatt
1984; Low & Rebelo 1996), and has been identified as
a major biodiversity hotspot of global significance
(Myers 1990; Cowling and Hilton-Taylor 1994; World
Wide Fund and The World Conservation Union 1994;
Cowling and Richardson 1995; Mittermeier et al.
1998; Olson and Dinerstein 1998).The Fynbos biome
is predicted to lose large areas near its northern limits
(retaining less than 10%, Midgley et al. 2002), espe-
cially those along the west coast and in the Cederberg
mountains, and biome loss is expected to occur at all
altitudes (Midgley et al. 2002, 2003). These changes
are expected to occur as a consequence of warming
and drying in the region.
What the direct and indirect effects of these changes
in the environment are likely to mean for insects is not
clear, largely because the insect fauna is poorly under-
stood and the determinants, or even correlates, of
variation in insect diversity in the region are so poorly
understood. The focus on the region’s exceptionally
high floristic diversity (e.g. Cowling et al. 1992;
Cowling & Lombard 2002) has somewhat overshad-
owed its faunal diversity and, in consequence, there is
a dearth of information on insect species diversity
within the CFR, although their functional significance
is appreciated. The consensus view is that diversity is
low (Johnson 1992; Giliomee 2003), although several
local scale studies of specific host plants and their
herbivores suggest that insect richness might be much
higher than is generally thought to be the case (e.g.
Cicadellidae: Davies 1988a,b; gall-forming insects:
Wright & Samways 1998). However, few groups have
been subject to careful surveys, and most comparisons
have been qualitative and based on examinations of
studies that differ substantially in their methods
(although the work by Wright & Samways (1998) on
galling insect species richness is a notable exception).
Moreover, the determinants or correlates of insect
diversity in this region are poorly explored. Only a few,
recent studies have explored relationships between the
diversity of certain groups and the environment. For
example, Wright and Samways (1998) found that gall-
insect species richness was positively correlated with
Fynbos plant species richness and was not influenced
by environmental variables such as elevation and
aspect. In addition, it has been shown that Fynbos
plant characteristics (e.g. infructescence openness and
wall thickness) play a major role in determining the
abundance, and frequency of occurrence of insect
borers on Protea species (Wright & Samways 2000).
Botes et al. (2006) showed that, across an elevational
gradient in the Cederberg, temperature explained sig-
nificant proportions of the variation in ant species
density and abundance, and, together with area and
several vegetation variables, contributed significantly
to the separation of the ant assemblages in the major
vegetation types and biomes in their study area.
These findings, while reasonably typical for similar
groups that have been investigated (e.g. Fernandes &
Price 1988; Andersen 1992; Parr et al. 2005), differ
from those found for epigaeic beetle assemblages
elsewhere. For tenebrionids and carabids, soil type,
vegetation density, temperature and soil moisture are
major factors influencing assemblage structure over a
range of spatial scales (e.g. Ayal & Merkl 1994;
Hosoda 1999; de los Santos et al. 2000; and references
therein; Hawes et al. 2002 and references therein).
Thus, it might be predicted that future climate change
in the northern CFR will influence epigaeic beetle
assemblages by altering moisture availability and veg-
etation structure and density, but would have only a
small direct influence via alterations in temperature
regimes. To test this prediction, we therefore investi-
gate patterns in, and correlates of, epigaeic beetle
diversity in one of the most climate change-sensitive
areas in the CFR, the Cederberg (Midgley et al. 2003).
In particular, we determine whether ground-dwelling
beetle assemblage structure differs between the main
vegetation types in the Cederberg, how restricted these
beetles are to specific vegetation types, and which envi-
ronmental variables might be associated with site-
related differences in beetle richness and abundance.
The epigaeic beetle fauna, which comprises mostly
darkling and ground beetles, was selected for study
because tenebrionids are typically important proces-
sors of organic matter (Slobodchikoff 1978; Allsopp
1980; Thomas 1983), and carabids constitute a sig-




The study took place in the Greater Cederberg Biodi-
versity Corridor, which is a large reserve spanning a
west-east gradient from coastal lowlands to Mountain
Fynbos and Succulent Karoo. It includes the north-
ernmost extremity of the CFR, with the Cederberg
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Wilderness Area forming the core (Anonymous 2004).
Specifically, this study was conducted across an altitu-
dinal transect covering the major vegetation types on
both aspects of the Cederberg, encompassing the full
range of vegetation. The transect stretched from sea
level at Lambert’s Bay, to Sneeukop (1926 m), and
down the eastern slopes toWupperthal (approximately
500 m) (see Botes et al. 2006). A total of 17 altitudinal
bands was sampled at 200 m altitudinal intervals
across the transect (see appendix S1 of Botes et al.
2006) representing Strandveld Succulent Karoo (one
site), Mountain Fynbos (15 sites) and Lowland Suc-
culent Karoo (one site). The Mountain Fynbos sites
were further classified into four structural units (or
types) based on a qualitative assessment of the domi-
nant plant families at each of the sites (following
Campbell 1985; see also Cowling & Holmes 1992),
namely Restioid (three sites), Proteoid (three sites),
Ericaceous (eight sites) and Alpine Fynbos (one site).
Beetle sampling
Ground-dwelling beetles (Carabidae and Tenebrion-
idae) were sampled along the altitudinal gradient
during October 2002 and October 2003 using the
same sampling protocol outlined by Botes et al.
(2006). Several tiger beetle species (Cicindellidae)
were also collected, and given their role as predators
were included within the carabids. A total of 40 pitfall
traps, divided into four groups of 10 pitfalls each (data
from 10 pitfalls were grouped to provide n = 4), was
placed at each site during each sampling event. The
four groups of pitfall traps were placed in such a way
that they were at least 300 m apart. Global Positioning
System readings were taken of the location of each
group of 10 pitfalls for spatial analyses. The distur-
bance caused by placing the pitfall traps was mini-
mized and the vegetation around the traps was not
cleared.The ‘digging-in’ effect (Greenslade 1973) was
thus considered negligible and the traps were set
immediately. The traps contained 50 mL of a 50%
propylene glycol solution as preservative. All pitfall
traps were left open for a period of 5 days per sampling
event. The samples were washed and placed in 70%
ethanol in the laboratory and all ground-dwelling
beetles were pinned. The beetles were identified to
species where possible or assigned to morphospecies.
Voucher specimens of each ground-dwelling beetle
species collected are held at Stellenbosch University
and will be placed in the Iziko Museum of South
Africa.
Predictor variables
Twelve abiotic variables and five biotic variables were
used to evaluate the effect of environmental conditions
on species density and abundance. The abiotic vari-
ables comprised four temperature variables (mean
temperature, mean monthly temperature range, abso-
lute maximum and minimum temperature), seven soil
parameters (chemical: pH, conductivity, P, C, NO3;
structural: proportion of clay and silt), and available
area. The biotic variables included the proportion of
ground covered by litter and vegetation, proportion of
bare ground, the vertical complexity of the vegetation,
and post-fire vegetation age in the case of Mountain
Fynbos. Details on data collection for these the 17
variables are provided in Botes et al. (2006).
Data analysis
Sample-based rarefaction curves for all the beetles
were compiled separately for the sites to determine the
degree of sampling representivity (EstimateS V5,
Colwell 1997; http://viceroy.eeb.uconn.edu/estimates,
see also Gotelli & Colwell 2001). The non-parametric
Incidence Coverage Estimator (ICE) and Michaelis-
Menten richness estimate provided by EstimateS were
used to evaluate sample size adequacy (Colwell &
Coddington 1994; see also Longino et al. 2002).
When sample-based rarefaction curves are used to
compare different datasets, the comparison made is
one of species density (the number of species per unit
area) and not species richness (Gotelli & Colwell
2001).To compare the species richness values of sites,
individual-based rarefaction must be used (Gotelli &
Colwell 2001). These curves standardize different
datasets on the basis of number of individuals and not
on number of samples. Individual-based rarefaction
curves were computed in EstimateS using the
Coleman method (Coleman 1981). Thereafter, the
curves were rarefied to the lowest number of individu-
als recorded at a site to ensure valid comparisons of
species richness between different sites (Gotelli &
Colwell 2001).
Because of the influence that available area has on
species richness patterns (see Rosenzweig 1995) the
species–area relationship was determined for both
beetle species richness and density (richness per sam-
pling grid, see Gotelli & Colwell 2001 for discussion)
across the altitudinal gradient using Generalized
Linear Models assuming a Poisson error distribution
(log link function, Type III model corrected for over-
dispersion) (Dobson 2002).
The proportions of the variation in beetle species
density and in beetle abundance explained by spatial
position and the environmental variables (abiotic and
biotic) were determined using trend surface analysis
and partial regression approaches (Legendre & Leg-
endre 1998). This was carried out for total species
density and total abundance per site across the whole
transect, then for total species density and total
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abundance in each site in Mountain Fynbos, and
finally for the total abundance and species richness of
the tenebrionids and carabids separately collected at
each site across the whole transect. Generalized Linear
Models assuming a Poisson error distribution with a
log link function (Type III model corrected for overd-
ispersion) were used.
Following Legendre and Legendre (1998), trend
surface analysis was first applied to determine the best-
fit combination of spatial variables that contributed
significantly to explaining the variation in the depen-
dent variables. The spatial component of the variation
in species density and abundance was modelled using
a third-order polynomial that extracts linear and more
complex spatial features (e.g. patches and gaps)
from the data: f(x, y) = b0 + b1x + b2y + b3x2 + b4xy +
b5y2 + b6x3 + b7x2y + b8xy2 + b9y3, where x and y are lon-
gitude and latitude, respectively (Borcard et al. 1992;
Legendre 1993). Generalized linear models (as above)
were then performed for the environmental variables
on species density and abundance, and the best-fit
model including only significant terms obtained
(Legendre & Legendre 1998; the only difference to the
method was that we used generalized, rather than
general, linear regression to accommodate the distri-
bution of the dependent variables (see also McGeoch
& Price 2004)).
Thereafter, partial linear regression analyses were
conducted in which the terms from the best-fit trend
surface (spatial component) and environmental
models were combined.Thus, the final model included
both spatial and environmental terms, and was used to
partition the explained variance (deviance) in species
density and abundance into four components: (i) non-
environmental spatial (the proportion of the variance
explained by purely spatial components); (ii) spatially
structured environmental (the proportion of the vari-
ance explained by both spatial and environmental
components); (iii) non-spatial environmental (the pro-
portion of the variance explained by environmental
variables independent of any spatial structure); and
(iv) unexplained or residual variation (Legendre &
Legendre 1998). This procedure identifies the relative
contribution of the environmental variables and spatial
components to the explained variation in beetle
density and abundance, but it does not quantify
the importance of individual variables (Legendre &
Legendre 1998; see also Lobo et al. 2002; van
Rensburg et al. 2002).
Multivariate community analysis (primer v5 1994)
(Clarke & Warwick 1994) was used to assess differ-
ences in beetle assemblages. Bray Curtis similarity
measures (Bray & Curtis 1957) were used to deter-
mine whether beetle assemblage structure differed
between sampling periods and vegetation types. The
data were fourth-root transformed before analysis to
reduce the weight of common species (Clarke &
Warwick 1994). Analyses of Similarity (anosim –
Clarke 1993) were used to determine whether there
were significant differences between the beetle assem-
blages in the two sampling periods (October 2002 and
2003), the three main vegetation types (Strandveld,
Mountain Fynbos and Succulent Karoo) and within
the Mountain Fynbos between the four structural
types (Restioid, Proteoid, Ericaceous and Alpine
Fynbos). The anosim procedure of primer is a non-
parametric permutation procedure applied to rank
similarity matrices underlying sample ordinations
(Clarke 1993). This method generates a global
R-statistic, which is a measure of the distance between
groups. An R-value that approaches one indicates
strongly distinct assemblages, whereas an R-value
close to zero indicates that the assemblages are barely
separable (Clarke 1993). These R-values were used to
compare beetle assemblages between sampling periods
and vegetation types.The false discovery rate criterion
(see García 2004) was used to correct for multiple
comparisons.
The relationships between beetle assemblages in the
three main vegetation types and the four structural
types within Mountain Fynbos were displayed using
non-metric multidimensional scaling ordinations
(Clarke 1993). These were iterated several times from
10 different starting values to ensure that a global
optimum was reached, that is, no decline in the stress
value occurs (Clarke & Warwick 1994).
Dufrêne and Legendre’s (1997) Indicator Value
Method was used to identify characteristic beetle
species for each vegetation type (based on hierarchical
clustering) and altitudinal site (non-hierarchical clus-
tering) (see McGeoch & Chown 1998 for discussion).
Using this method, measures of specificity (uniqueness
to a site) and fidelity (frequency within that site) are
combined independently for each beetle species. An
IndicatorValue (IndVal) is then provided, as a percent-
age, for each species. A high IndVal indicates that a
species has high fidelity and specificity to the site(s)
within which it occurs and that it can be regarded as
characteristic of that particular area. The significance
of the IndVal measures for each species was tested
using a random reallocation procedure of sites among
site groups (Dufrêne & Legendre 1997). Species with
significant IndVals greater than 70% (subjective
benchmark, see van Rensburg et al. 1999; McGeoch
et al. 2002) were then regarded as indicators of a
particular site.
RESULTS
A total of 49 ground-dwelling beetle species (5596
individuals) was collected during the two sampling
periods. Thirty-three of these belonged to the family
Tenebrionidae and 16 species to Carabidae. Eleven
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beetle species were collected only in October 2002
while no species were unique to the October 2003
period. Proteoid Fynbos had the highest total species
density while the highest total abundance was found in
Ericaceous Fynbos (Table 1). Ericaceous Fynbos also
had the highest mean abundance (Table 1). The
highest mean species density was found in Strandveld
(Table 1). Alpine Fynbos had the lowest total abun-
dance, mean abundance and mean species density
(Table 1). Furthermore, Ericaceous Fynbos had the
highest total carabid (including cicindellid) species
density and abundance (Table 1).The total abundance
of tenebrionids was also highest in Ericaceous Fynbos,
but the total species density was highest in Proteoid
Fynbos (Table 1).
Sample-based species rarefaction curves approxi-
mated asymptotes for the two sampling periods indi-
cating that most of the species at the different sites
were collected (Fig. 1). In most cases the rarefaction
curves and estimators converged closely at the highest
observed density for each site (Table 2), indicating
that the curves were close to the asymptotes. Species
density estimates for each of the sites are thus consid-
ered representative. However, this was not the case for
the 700 m site on the western slope.The reason for the
substantial difference between the observed and ICE
values was the relatively high number of singletons
(five out of eight species). Although we have no expla-
nation for this exception, it should be kept in mind
throughout.
Few individuals were collected at three sites
(1900 m, 25 individuals; 900 m on the eastern slope,
57 individuals; 700 m on the eastern slope, 113 indi-
viduals) compared with the rest of the sites.Therefore,
the curves of the different altitudinal bands were rar-
efied to the fourth lowest number of individuals col-
lected at a site (i.e. individual-based rarefaction
curves; 200 m on the western slope, 149 individuals)
and the species richness of three sites with the lowest
number of individuals was extrapolated to this point to
allow for meaningful comparisons.The highest species
richness was recorded at the three lowest altitudes on
the western slopes (Fig. 2), while the lowest richness
was recorded at 900 m on the eastern slope where only
a single species was collected across both sampling
periods (Zophosis gracilicornis) (Fig. 2).
Species richness and density across the entire
transect were significantly related to available area (see
Table 2 for areas) (Richness: c2 = 6.04, P = 0.01,
R2 = 35.54, deviance = 10.95, d.f. = 15, estimate =
+0.0003  0.0001; Density: c2 = 11.81, P < 0.01,
R2 = 37.92, deviance = 19.34, d.f. = 15, estimate =
+0.0003  8.55 ¥ 10-5). Within Mountain Fynbos
species richness and density were also significantly
related to area (Richness: c2 = 14.77, P < 0.01,
R2 = 48.59; deviance = 15.62, d.f. = 13, estimate =
0.0006  0.0001; Density: c2 = 11.84, P < 0.01,
R2 = 45.55, deviance = 14.16, d.f. = 13, estimate =
0.0006  0.0002).
Total species density and abundance of beetles
across the whole transect, within Mountain Fynbos,
and separately for carabids and tenebrionids were sig-
nificantly related to several environmental variables,
and in particular to mean temperature, mean monthly
temperature range, and absolute minimum and
maximum temperatures (Table 3). However, after
controlling for space, few environmental variables
remained significant in both the species density and
the abundance models.This result is a consequence of
substantial spatial structure in the environmental vari-
ables, as indicated by the relatively high proportion of
variance explained by the spatially structured environ-
mental component (Table 3), and the autocorrelation
structure of the environmental variables (see Botes
et al. 2006).
The spatially structured environmental component
contributed a large proportion of the explained vari-
ance (Table 3). In the final model species density of
the Mountain Fynbos beetles was positively related to
mean monthly temperature (Table 3), while the
species density of beetles across the whole transect and
within Mountain Fynbos were negatively related to
absolute minimum monthly temperature (Table 3).
The latter is unusual by comparison with other work
Table 1. Species density and abundance of ground-dwelling beetles collected in the different vegetation types







S N S N
Strandveld 8 16 277 7.00  0.57 34.63  3.80 3 57 13 220
Restioid Fynbos 24 20 576 3.67  0.49 24.00  3.26 8 90 12 486
Proteoid Fynbos 24 23 627 4.83  0.53 26.13  3.58 6 32 17 595
Ericaceous Fynbos 64 19 3870 3.27  1.19 60.47  9.23 11 611 8 3259
Alpine Fynbos 8 6 25 1.13  0.23 3.13  0.97 5 24 1 1
Succulent Karoo 8 6 220 2.88  0.23 27.50  7.09 2 2 4 218
n, number of sampling grids; N, total abundance; S, total species density.
214 A. BOTES ET AL.
© 2007 Ecological Society of Australia
(see Discussion). However, species density showed a
weak unimodal relationship with absolute minimum
monthly temperature, which may have influenced the
model, especially owing to two outliers which had low
absolute minimum monthly temperature values and
high species density (300 m on the western slope and
1700 m on the eastern slope, see Figs 1–3 in Botes
et al. 2006).This unimodal relationship likely explains
the negative relationship between species density and
absolute minimum monthly temperature, when the
opposite might usually be expected. The species
density of carabids was also positively related to the
proportion of bare ground, and the species density of
the tenebrionids was positively related to soil pH and
the percentage clay in the soil (Table 3). Furthermore,
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Fig. 1. Sample-based species rarefaction curves of beetle assemblages at (a) sea level to 900 m above sea level on the western
slope, (b) 1100–1900 m above sea level on the western slope, and (c) 1700–500 m above sea level on the eastern slope. E, eastern;
W, western.
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carbon while the abundance of the beetles across the
whole transect was positively related to mean monthly
temperature (Table 3).The abundance of carabids was
positively related to mean temperature and negatively
to mean monthly temperature range and soil pH
(Table 3). Neither the density nor the abundance of
beetles in Mountain Fynbos was significantly related
to post-fire vegetation age.
Beetle assemblage structure did not differ between
sampling periods (Global R = -0.011, P = 0.978).The
data were thus combined for the two sampling periods
for all subsequent analyses. Five Alpine Fynbos sites
were identified as outliers on the non-metric multidi-
mensional scaling ordinations and were excluded.
Beetle assemblages occurring in the three main veg-
etation types differed significantly from each other
(Fig. 3a). Assemblage structure of beetles occurring in
Strandveld was the most distinct (Pairwise anosim
tests between Strandveld and Succulent Karoo: R =
0.997, P = 0.001; and between Strandveld and Moun-
tain Fynbos: R = 0.662, P = 0.002). Assemblages
occurring in Mountain Fynbos and Succulent Karoo
were not significantly different from each other (R =
0.052, P = 0.307). Within Mountain Fynbos, beetle
Table 2. The number of species observed in the pooled samples (Sobs), Incidence-based Coverage Estimator of species density
(ICE) and the Michaelis-Menten richness estimator (MMMean) of the sample-based rarefaction curves
Sites (m a.s.l.) Area (km2) Sobs ICE (SD) MMMean
Western slope
0 3082.58 15 16.27  0.44 15.86
200 1531.61 14 16.40  0.59 15.61
300 1531.61 17 18.75  0.44 18.70
500 765.43 10 9.92  0.24 9.52
700 447.53 8 14.09  0.02 7.85
900 370.14 9 10.67  0.00 8.72
1100 282.66 12 11.81  0.32 10.62
1300 206.59 8 9.24  0.01 7.34
1500 106.73 8 8.00  0.19 7.57
1700 21.47 5 5.45  0.18 5.11
1900 3.40 6 8.64  0.00 10.50
Eastern slope
1700 6.76 6 8.00  0.97 5.33
1500 39.32 5 8.22  0.02 4.45
1300 76.94 6 6.93  0.01 6.42
1100 232.54 7 8.14  0.01 8.21
900 607.88 1 1.00  0.00 1.02







































































Fig. 2. Species richness values derived from individual-based species rarefaction curves of ground-dwelling beetle assemblages
across the different altitudinal bands. E, eastern side of transect; S, summit; W, western side.
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assemblages differed significantly between the four dif-
ferent structural types (Fig. 3b). Pairwise anosim tests
showed that the most distinct assemblages occurred in
Alpine Fynbos (Alpine vs Ericaceous Fynbos: R =
0.730, P = 0.001; Alpine vs Proteoid Fynbos: R =
0.897, P = 0.001; Alpine vs Restioid Fynbos:
R = 0.915, P = 0.001). Restioid and Ericaceous
Fynbos beetle assemblages were the most similar
(lowest R-value, R = 0.228, P = 0.002). Proteoid
Fynbos assemblages were more similar to those in
Restioid Fynbos (R = 0.325, P = 0.001) than to those
in Ericaceous Fynbos (R = 0.401, P = 0.001). All sig-
nificant P-values remained so after correction for mul-
tiple comparisons (García 2004).
IndVal analyses revealed that four species were char-
acteristic of Strandveld and one of Succulent Karoo
(Table 4). No species could be regarded as character-
istic of any or all of the four Mountain Fynbos vegeta-
tion types (Table 4). Furthermore, 16 species were
identified as characteristic of certain altitudes
(Table 4). Two of these were characteristic of a range
of altitudes spanning more than one vegetation type
(Table 4).
DISCUSSION
In keeping with theoretical expectations (reviewed in
Rosenzweig 1995) species density and species richness
of ground-dwelling beetles were positively, although
weakly related to available area of the altitudinal




























Global R = 0.348; P = 0.001
Stress = 0.15
Fig. 3. Non-metric multidimensional scaling (MDS) ordinations of beetle assemblage structure based on (a) the three main
vegetation types, and (b) within Mountain Fynbos.
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generalized linear models, while temperature, edaphic
and vegetation variables often remained significant
even when space was included. Increases in species
density with increasing temperature are typical of epi-
gaeic beetle assemblages elsewhere (Chen & Willson
1996; Crist & Ahern 1999; Hosoda 1999; McIntyre
2000; Nelson 2001; de los Santos et al. 2002a), and
suggest that the ambient energy or productivity
hypotheses (Turner et al. 1987; Currie 1991; Willig
et al. 2003; Evans et al. 2005) might explain variation
in species richness across the transect. Alternatively,
higher temperatures might have meant higher catch
rates, but we think this unlikely to have confounded
the data because that would have meant no local physi-
ological acclimatization to temperature, which is not in
keeping with most physiological studies of insects (see,
e.g. Chown & Nicolson 2004), and equivalent species
densities at western and eastern sites with similar tem-
peratures, which was not the case (Fig. 4).
The strong spatial signal both in the environmental
variables (see also Botes et al. 2006) and in species
density, and the considerable variation between sites in
species density that was explained by spatially struc-
tured environmental variation, also support the idea
that spatial variation in ambient energy has a consid-
erable influence on species density. Moreover, the
positive relationship between abundance and mean
temperature (and absolute maximum temperature)
suggests that increasing energy availability, rather than
a change in environmental stress, is driving increases
in species density across the transect. However, disen-
tangling the mechanisms that might be responsible for
the relationship is not straightforward and requires
data which are not available in this instance (for
Table 4. Percentage indicator values (IndVal > 70%) of beetle species for each vegetation type (hierarchical clustering) and
altitudinal band (non-hierarchical clustering).
Vegetation type/altitude Species % IndVal
Vegetation type




Succulent Karoo Cryptochile fallax fallax 78.44
Altitude




200 m W Horatoma parvula 89.26
300 m W Broomium nadum 82.94†
500 m W Broomium mutilla 90.00
Cryptochile minuta 88.75
300–700 m W Sacophorella cephlica 83.33†
1900 m (Sneeukop) Cicindela quadriguttata 100.00†
Hystrichopus mnizechi 100.00†
1100 m E Carab sp. 1 81.21
Hypomelus peronatus 80.22
Carab sp. 3 77.95
1100–1300 m E Cicindela lurida 90.09
500 m E (Wupperthal) Cryptochile fallax fallax 70.33†
†










Fig. 4. Schematic map of the spatial distribution of tene-
brionid species richness in southern Africa. The map was
based on the maps provided by Penrith (1986a,b) and
Penrith and Endrödy-Younga (1994) for the tenebrionid taxa
Adesmiini, Zophosini and Cryptochilini.
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discussion see Evans et al. 2005). Several other studies
have shown that abundance of ground-dwelling beetles
increases with warmer temperatures. For example,
McIntyre (2000) showed that the abundance of Eleodes
beetles in the shortgrass steppe in Colorado increases
with warmer temperatures, and de los Santos et al.
(2002b) demonstrated that population sizes of tenebri-
onids on the Cañadas ofTeide inTenerife are positively
correlated with temperature. Similarly, Hosoda (1999)
showed that the abundance of carabids on Mt. Kurobi
(Japan) strongly depend on soil temperature,with fewer
individuals collected in colder areas.
That edaphic variables had an influence on both
species density and abundance of each of the major
taxa was expected. For example, Crist and Ahern
(1999) and Heliölä et al. (2001) demonstrated that
open areas host more species of ground-dwelling cara-
bids than densely vegetated areas. Imler (2003) and
Hosoda (1999) showed that differences in the abun-
dance of carabids between habitats can be attributed
to their preferences for certain soil types, soil pH and
soil water content. In addition, Ayal and Merkl (1994)
found that species richness of tenebrionids is higher in
compact soil habitats than in sandy habitats, while
several studies have shown that tenebrionid species
which are distributed among different soil textural
classes tend to have the highest abundance on a spe-
cific soil type (Marcuzzi 1964; Calkins & Kirk 1975;
Thomas 1983; Ayal & Merkl 1994; Krasnov &
Shenbrot 1996).Thus, the habitat specificity and fidel-
ity of several of the species in this study, and the clear
distinctions between the vegetation types across the
transect are not surprising. Similarly, clear distinctions
between beetle assemblages occupying different habi-
tats have commonly been found elsewhere (Luff et al.
1989; Niemelä 1990; Gardner 1991; Holmes et al.
1993; Ayal & Merkl 1994; de los Santos et al. 2002a).
The environmental correlates of abundance and
species density in the ground-dwelling beetles were
similar to those identified for ants across the transect
(Botes et al. 2006). Most significantly, species density
and abundance of both taxa were positively related to
several temperature variables. However, in the ants
there was a marked difference in the proportion of
variance in species density (36–38%) and in abun-
dance (64–70%) explained by each of the full models
(space and environmental variables). By contrast, in
the beetles the proportion of variance explained by the
full model was similar for both species density and
abundance (66–67% and 69–75%, respectively).
However, this was due largely to the tenebrionids, in
which the full model explained 64% of the variance in
species density. In the carabids, the variance explained
was much lower (33%), making them more similar to
the ants.There are several likely explanations for these
differences between the tenebrionids and the two other
families of insects.
The most intuitively obvious might be that the tene-
brionids simply respond to the environment (both the
spatially and the non-spatially structured components
thereof) more strongly than do the other two families.
If the analyses are taken at face value this certainly
seems to be the case. However, there is no intrinsic
reason for expecting such differential responses, espe-
cially because both ants and ground beetles are known
to respond significantly to variation in temperature
and in several other environmental variables
(Andersen 1995; Chen & Willson 1996; Cerdá et al.
1998; Crist & Ahern 1999; Hosoda 1999; Bestelmeyer
2000). An alternative explanation might be that the
relationship between abundance and species density is
non-linear in the ants and carabids, but not in the
tenebrionids. Botes et al. (2006) suggested that such
non-linearity might well explain differences in the vari-
ance explained by the full models for ant species
density and abundance. The typically unimodal rela-
tionship between ant abundance (and especially that of
the dominant ants) and species richness (see Parr et al.
2005) means that species richness (or density) can be
low at both low and high abundances. If the pattern is
driven by a combination of environmental stress and
competition, which is likely (Hölldobler & Wilson
1990; Parr et al. 2005), then the environment will
appear to have a larger linear influence on abundance
than on richness, so resulting in a greater proportion of
the variance being explained in linear models of the
former, than of the latter. Carabid assemblages are also
thought to be structured by interspecific competition
(e.g. Lenski 1982; Davies 1987), and the same might
apply to them (as is indicated by strong relationships
here between the environmental variables and carabid
abundance, but not between the environmental vari-
ables and species density). However, competition is
certainly not unknown in darkling beetle assemblages
(e.g. Ward & Seely 1996), making the argument
perhaps less plausible, especially in the absence of
information on horizontal interactions for these par-
ticular assemblages, and for the carabids in particular.
Both of the above explanations assume that richness
variation is solely a function of the contemporary envi-
ronment, although this is unlikely to be the case (Rick-
lefs 2004). Rather, there might also be a considerable
historical signal that is collinear with the contemporary
environmental variables as has been found elsewhere
(Latham & Ricklefs 1993; Chown et al. 1998). Here, it
is noticeable that while species density of the tenebri-
onids declines with elevation (and with temperature:
ordinary least squares regression of density on tem-
perature R2 = 0.54, P < 0.006) on the western slopes
of the Cederberg, the same is not true of the eastern
slope (ordinary least squares of density and tempera-
ture, P > 0.96) (Fig. 5). Thus, while temperature ini-
tially appears to be a strong correlate of species
density, it is unlikely to be the causal factor because it
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does not operate similarly on both sides of the moun-
tain range. Although water availability might be an
alternative causal mechanism influencing density, this
seems improbable given similar arid conditions on the
lower western and eastern reaches of the transect (Low
& Rebelo 1996).
What seems more plausible is that the decline in
richness towards the east reflects movement away from
an area that constitutes the southern end of a south-
west African centre of tenebrionid endemism and
diversity (Scholtz & Holm 1985; Penrith 1986a,b;
Penrith & Endrödy-Younga 1994) (Fig. 4). The com-
paratively high richness and endemism of the first
three western sites along the transect (they include 23
species, of which 16 are restricted to them) certainly
suggests that this is the case, as does their membership
of the Tentyriinae, a subfamily best known for its arid
zone diversity in southern Africa (Scholtz & Holm
1985). By contrast, there is no such linear and rapid
decline in diversity away from the western sites in the
carabids and ants (Fig. 5), and the area is not known
as a centre of endemism or diversity for either of the
groups (Scholtz & Holm 1985; Marsh 1990).
If the above explanation for the differences in
explained variance in species density between the
groups is correct, it suggests that caution should be
exercised when interpreting environmental correlates
of species density. In some cases, such as the present
one, the correlates might well reflect collinear histori-
cal processes, rather than a causal relationship between
contemporary environmental variables and species
density (see Jetz et al. 2004 for additional discussion).
While collinearity of historical and contemporary
explanatory variables present obvious challenges for
explaining current patterns in diversity (for discussion
and solutions see Endler 1982; Ricklefs 1987; Chown
et al. 1998; Hawkins & Porter 2003; Jetz et al. 2004),
they also have profound implications for predicting the
biological implications of regional climate change.
Several studies have suggested that warming and
drying will have profound effects on the diversity of the
south-western parts of southern Africa, resulting in
total loss of the Succulent Karoo and substantial con-
traction of the Fynbos biome (Rutherford et al. 1999;
Midgley et al. 2002, 2003; Hannah et al. 2005). Sub-
stantial range contractions towards the east have also
been predicted for a wide range of animal groups
(Erasmus et al. 2002).These studies are typically based
on bioclimatic modelling, where correlates between
current climate and species distributions are estab-
lished, the climate altered and distributions mapped
back onto geographical space.
The present results provide further evidence for
considering such modelling exercises as a first and
coarse approximation of what the outcome of climate
change might be. If there is collinearity between his-
torical and current environmental correlates of diver-
sity patterns, but history is causal, then the modelling
outcomes may not accurately reflect the outcome of
climate change. In this particular case, changes in tem-
perature and moisture regimes might not have the
influence on tenebrionid species richness predicted
either from other studies (see Introduction) or from the
outcomes of this one. Other concerns with bioclimatic
modelling include the extent to which the models are
predictive (i.e. can be extrapolated, see Samways et al.
1999), the fact that they rarely incorporate the physi-
ological flexibility and capacity for rapid evolution
typical of many taxa (Chown & Nicolson 2004;
Helmuth et al. 2005), and the difficulty of including
complex interactions and feedback within them
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Fig. 5. Species density of ants, carabids (including Cicindellidae), tenebrionids, all beetles combined and mean annual
temperature across the different altitudinal bands. E, eastern side of transect; S, summit; W, western side.
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such models provide a rapid way of gaining insight into
what the effects of climate change might be, and are
therefore useful given the current conservation crisis
(see Thomas et al. 2004). However, they should be
supplemented by additional investigations, which
enable the full complexity of likely responses to change
to be more thoroughly comprehended.
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